Symbiotic partnerships between heterotrophic hosts and intracellular microalgae are common in tropical and subtropical oligotrophic waters of benthic and pelagic marine habitats. The iconic example is the photosynthetic dinoflagellate genus Symbiodinium that establishes mutualistic symbioses with a wide diversity of benthic hosts, sustaining highly biodiverse reef ecosystems worldwide. Paradoxically, although various species of photosynthetic dinoflagellates are prevalent eukaryotic symbionts in pelagic waters, Symbiodinium has not yet been reported in symbiosis within oceanic plankton, despite its high propensity for the symbiotic lifestyle. Here we report a new pelagic photosymbiosis between a calcifying ciliate host and the microalga Symbiodinium in surface ocean waters. Confocal and scanning electron microscopy, together with an 18S rDNA-based phylogeny, showed that the host is a new ciliate species closely related to Tiarina fusus (Colepidae). Phylogenetic analyses of the endosymbionts based on the 28S rDNA gene revealed multiple novel closely related Symbiodinium clade A genotypes. A haplotype network using the high-resolution internal transcribed spacer-2 marker showed that these genotypes form eight divergent, biogeographically structured, subclade types that do not seem to associate with any benthic hosts. Ecological analyses using the Tara Oceans metabarcoding data set (V9 region of the 18S rDNA) and contextual oceanographic parameters showed a global distribution of the symbiotic partnership in nutrient-poor surface waters. The discovery of the symbiotic life of Symbiodinium in the open ocean provides new insights into the ecology and evolution of this pivotal microalga and raises new hypotheses about coastal pelagic connectivity.
Introduction
Symbiosis is central to the evolution and ecology of ecosystems, and is present in virtually all living organisms (Maynard Smith, 1989; Margulis and Fester, 1991) . This intimate and long-term association between organisms of different species can range from parasitism, where one partner benefits at the expense of the other, to mutualism, where both partners benefit (de Bary, 1878) . Photosymbiosis, defined as a close symbiotic relationship with a photosynthetic partner (generally the symbiont), has led to the acquisition of transient and even permanent photosynthesis in different eukaryotic lineages (Keeling, 2010) . In marine and freshwater ecosystems, this type of symbiosis is common (Stoecker et al., 2009) and is considered mutualistic: the symbiont transfers photosynthetic products to its host that, in turn, provides a nutrient-rich microenvironment and protection from parasites and predators (Muscatine et al., 1984; Yellowlees et al., 2008; Davy et al., 2012) . One of the best-known examples of marine photosymbiosis involves the photosynthetic dinoflagellate Symbiodinium that lives within a wide diversity of benthic hosts, including metazoans (for example, corals, jellyfishes, anemones, sponges, mollusks) and protists (for example, ciliates and foraminiferans; LaJeunesse, 2001) in tropical reef ecosystems. Symbioses involving Symbiodinium are ecologically and economically important as they sustain the very productive and biologically diverse reef ecosystems worldwide (Stanley, 2006) that in turn provide close to $375 billion in goods and services each year (Costanza et al., 1997) . The genus Symbiodinium is genetically diverse, having evolved throughout the Cenozoic into nine divergent lineages or clades (A to I), each containing several subclade genotypes that can have distinct physiological capacities, spatial distribution and host spectra (Rowan, 2004; Coffroth and Santos, 2005; Pochon and Gates, 2010) .
Photosymbioses are also pervasive in planktonic ecosystems, especially in tropical and subtropical oligotrophic waters (Taylor, 1982; Stoecker et al., 2009; Decelle et al., 2015) , but remain poorly studied compared with benthic ecosystems. Because of their mixotrophic capacity, photosymbiotic protists play a significant dual role as primary producers and predators in pelagic ecosystems (Swanberg and Caron, 1991; Michaels et al., 1995) . Many hosts build mineral skeletons of calcium carbonate, silica or strontium sulfate, hence contributing to the biogeochemical cycles of these elements (Bernstein et al., 1987) . For instance, the rhizarian Radiolaria and Foraminifera are known to develop obligate photosymbioses in surface waters with diverse eukaryotic microalgae, such as photosynthetic dinoflagellates (for example, Brandtodinium, Pelagodinium) and haptophytes (for example, Phaeocystis) (Gast and Caron, 2001; Shaked and de Vargas, 2006; Decelle et al., 2012; Probert et al., 2014) . Some heterotrophic dinoflagellates have also been found to host prasinophyte (Sweeney, 1976) or pelagophyte (Daugbjerg et al., 2013) microalgae. Paradoxically, although several photosynthetic dinoflagellate taxa have been described to be common symbionts in the oceanic plankton, to date the ubiquitous coastal symbiont Symbiodinium has never been found in symbiosis in the pelagic realm.
Ciliates are also known to acquire phototrophy through photosymbiosis with eukaryotic or prokaryotic microalgal cells (Stoecker et al., 2009; Esteban et al., 2010; Dziallas et al., 2012) . In freshwater habitats, many ciliate species (for example, Paramecium bursaria, Coleps hirtus viridis) are found in symbiosis with the green alga Chlorella, whereas in marine ecosystems rare examples of photosymbiosis with eukaryotic microalgae have been reported (Stabell et al., 2002; Stoecker et al., 2009; Johnson, 2011) . The benthic ciliates Maristentor dinoferus and Euplotes uncinatus host Symbiodinium endosymbionts in coral reefs (Lobban et al., 2002 (Lobban et al., , 2005 and some Oligotrichida ciliates associate with green algae (prasinophytes) in estuarine environments (Stoecker et al., 1988 (Stoecker et al., -1989 . These photosymbiotic ciliates almost exclusively dwell in coastal waters or benthic habitats, whereas there are virtually no examples of symbiotic partnerships involving eukaryotic microalgae in the surface open ocean. In this study, we used a combination of microscopy and molecular tools to characterize a novel pelagic photosymbiosis between a calcifying ciliate host and Symbiodinium endosymbionts. Exploration of this symbiosis in the samples and metabarcoding data set of the worldwide Tara Oceans expedition (Karsenti et al., 2011; De Vargas et al., 2015) allowed us to study the global specificity, biogeography and ecology of this novel interaction.
Materials and methods

Morphological identification of the host
Plankton samples and metadata used in this study originated from the Tara Oceans expedition (2009) (2010) (2011) (2012) (Karsenti et al., 2011; De Vargas et al., 2015) . From ethanol-preserved plankton samples, 20 ciliate cells were isolated and cleaned under microscopy, and individually placed on a polycarbonate filter without any chemical fixatives for scanning electron microscopy observations (Table 1) . Additional cells (n = 10) from formaldehyde-preserved samples were also imaged with confocal laser scanning microscope (Leica TCS SP8, Leica Microsystems, Wetzlar, Germany), equipped with an HC PL APO 40 × /1.10 W motCORR CS2 objective. Multiple fluorescent dyes were used sequentially to observe the cellular components of the ciliate (host) and the intracellular microalgae (symbionts), such as Except for two cells (Med_2 and Med_3), host ciliates were isolated from Tara Oceans surface water samples (microplankton size fraction: 20-180 μm).
Symbiodinium in endosymbiosis within the ciliate Tiarina S Mordret et al and rinsing ciliate cells to remove any contaminants, different negative controls were used during the single-cell DNA extraction (a sample with no cell) and the PCR amplifications (a sample without DNA template) to confirm that the PCR products were only from the DNA of the ciliate and the intracellular microalgae. DNA from different phytoplankton cultures, including Symbiodinium, was used to control the primer specificity. For the ciliate (host), a 640-bp-long fragment of the 18S rRNA gene was PCR amplified using the ciliate-specific primers Cil_384F and Cil_1147R (Dopheide et al., 2008) . A second 2000-bp-long fragment, which includes the hypervariable V9 region of the 18S rRNA gene, was obtained with a nested PCR using newly designed specific primers: TiaV4-F1 and Cil28S-R1 (PCR 1) and the internal primers TiaV4-F2 and Cil28S-R2 (PCR 2) (see Supplementary Table S1 and Supplementary Figure S1 for more information about the primers used in this study). Contigs of the different amplicons were obtained and a matrix of 18S rDNA sequences was built with these new sequences and public sequences from GenBank (release 203.0, Benson et al., 2014; Supplementary Table S2) .
In order to identify the lineage of the endosymbiotic microalgae, a cloning approach was first adopted on the 18S and 28S rRNA genes using the TOPO TA Cloning kit (Invitrogen, Thermo Fisher Scientific) and universal eukaryotic primers 63F and 1818R (Lepère et al., 2011) and D1R and D2C (Scholin et al., 1994) for 18S and 28S rDNA, respectively (Supplementary Figure S1) . Specific primers and direct sequencing were subsequently employed for the rest of the isolated ciliates to obtain the 28S rRNA gene (D1-D3 domains; with primers ITS-Dino and LO from Pochon et al., 2001 ) and the rDNA internal transcribed spacer (ITS; with primers Din464F and ITS-DinoRev from Gómez et al., 2011 and this study, respectively) of the microalgal symbionts (Supplementary Figure S1) . Matrices of 28S rDNA and ITS2 sequences were then constructed with reference sequences from previous studies (Supplementary Tables S3 and S4 , LaJeunesse et al., 2009; Pochon et al., 2014) . Sequences obtained in this study have been deposited in GenBank (accession numbers are given in Table 2 and in Supplementary Table S2 (18S  rDNA), Supplementary Table S3 (28S rDNA),  Supplementary Table S4 (ITS2) and Supplementary  Table S5 (V9 rDNA) .
Phylogenetic analyses based on ribosomal gene markers. The three matrices of 18S rDNA (host ciliate) and 28S rDNA and ITS2 (intracellular microalgae) were aligned with MUSCLE implemented in the Seaview software (Edgar, 2004; Gouy et al., 2010) , and phylogenetic analyses were conducted with the TOPALI software (Topali V2, Milne et al., 2009) . According to Modeltest v0.1.1 (Posada, 2008) , the general time-reversible and the Tamura-Nei models of nucleotide substitution were selected for the symbiont 28S rDNA (56 taxa; 795 nucleotide positions) and the ciliate 18S rDNA (34 taxa; 1419 nucleotide positions) alignments, respectively. Phylogenetic inference by maximum likelihood was then performed with PhyML v3.0 (Guindon and Gascuel, 2003) , and robustness of inferred topologies was assessed by performing 100 nonparametric bootstraps. Final trees were rooted with outgroups and visualized with FigTree (v. 1.4; http://tree.bio. ed.ac.uk/software/figtree/). For the ITS2 sequences of the symbiont (239-bp-long fragment), a statistical parsimony network was constructed with the TCS software (95% connection limit, 10 or less connection steps, gaps considered as fifth state) (Clement et al., 2000) , and visualized and edited with Cytoscape software (Shannon et al., 2003) .
Ecological significance of the symbiosis For both the host ciliate and endosymbiotic microalgae, the hypervariable V9 region of the 18S rRNA gene was specifically extracted from multiple sequence alignments using the primers 1389F and 1510R (Amaral-Zettler et al., 2009) in order to interrogate the V9 metabarcoding data set obtained from 47 stations of the Tara Oceans expedition (Karsenti et al., 2011; De Vargas et al., 2015) . This publicly available metabarcoding data set includes millions of V9 rDNA sequences of eukaryotic planktonic organisms obtained by PCR with universal eukaryotic primers and sequenced with Illumina Technology (San Diego, CA, USA). In this study, samples corresponding to the microplankton size fraction (20-180 μm) collected at subsurface mixed-layer waters, where the ciliates were found and isolated, were specifically analyzed. Only V9 reads that were 100% identical to the V9 sequence of the ciliates and the symbiont were retrieved in the Tara Oceans barcode table (doi: 10.1594/PAN-GAEA.843018). Contextual oceanographic parameters, such as temperature, salinity, nitrite and nitrate concentrations, silica and chlorophyll a concentrations, oxygen minimum and deep chlorophyll maximum depths and photosynthetically active radiation, were also used for statistical analyses (Supplementary Table S6 ). In order to assess co-occurrence patterns between host and symbiont, and the effect of abiotic parameters, multiple pairwise comparisons were performed using Spearman's rank correlation tests based on environmental physicochemical parameters, and the distribution and abundance of V9 reads of both partners. P-values were adjusted using the false discovery rate approach (Benjamini and Hochberg, 1995) . Correlations between pairs of variables were considered significant when P-values were o0.05. Statistical analyses were performed in the R environment (R Core Team, 2008) , and correlations between variables were visualized as a network using the Cytoscape software (Shannon et al., 2003) .
Results and discussion
Morphological identity of the host ciliate Live observations in light microscopy showed that the ciliates were actively swimming with the help of numerous cilia around the cell (Supplementary Figure S2) . From 20 cells, various morphological characters were observed with scanning electron microscopy, notably an armored skeleton composed of calcium carbonate plates (Figures 1a and b) , indicating that the ciliate belongs to the family Colepidae Ehrenberg, 1838 (class Prostomatea, order Prorodontida; Lynn, 2008; Chen et al., 2012) . A morphological comparison with six previously described ciliate species from the family Colepidae (Coleps hirtus, Nolandia nolandi, Apocoleps magnus, Levicoleps biwae, Tiarina meunieri and Tiarina fusus) indicated that T. fusus is the species that most closely resembles the ciliate isolated in this study (Supplementary Table S7 ). Both taxa live in marine waters and display a fusiform and elongated body with large longitudinal rows of calcium carbonate plates arranged in six different regions (called 'tiers'), as well as a wing-like structure that is absent in other Colepidae species (Figures 1a and b ; Chen et al., 2012) . These morphological commonalities, which are typically used for genus recognition within the Colepidae (Foissner et al., 2008) , lead us to argue that the newly isolated ciliate belongs to the genus Tiarina, Berg 1881. In addition to T. fusus, the genus Tiarina is composed of several species including T. meunieri, T. borealis, T. antarctica and T. levigata, but these have very old, incomplete morphological descriptions without reference microscopy images or molecular data. Only T. fusus (Chen et al., 2012) and T. meunieri (previously named Stapperisa fusus, observed in the Arctic and the North Sea; Meunier, 1910; Kahl, 1930) are taxonomically recognized species. Compared with T. fusus, the newly isolated ciliate has a larger length-to-width ratio (1.5 times more), lacks armor spines and possesses long somatic cilia arranged in 18 or more ciliary rows (T. fusus has 15-17 longitudinal rows; Supplementary Table S7) . As shown by brightfield (on more than 50 cells) and confocal (on 10 cells) microscopy images (Figures 1d and e and Supplementary Figure S2) , another distinct morphological character of the isolated ciliate is the presence of 10 to 25 intracellular microalgal cells that has never been reported in T. fusus (Foissner et al., 2008; Lynn, 2008; Chen et al., 2012) . Kahl (1930) observed 'ingested dinoflagellates' ('Nahrung kleine Peredineen') in the arctic species T. meunieri but this old and succinct description has not been confirmed in the literature. In the newly isolated ciliate, the ovoid microalgae of ∼ 10 μm in diameter tend to be located next to the macronucleus and the micronucleus of the host (both highlighted in cyan), and seem to be intact as shown by the presence of nondegraded nuclei and plastids, in blue and red respectively (Figures 1d and e) . Based on these confocal images, it is not possible to distinguish whether there is a single reticulated or several chloroplasts in each microalgal cell. A very small fraction of cells seemed to be degraded, possibly as a consequence of preservation biases and/or host digestion. Several observations indicate cell division for some of the microalgae (Figure 1e and Supplementary Figure S2 ). The cellular features observed in confocal laser scanning microscopy on several host individuals (n = 10), collected in the Indian and Atlantic Oceans (Tara Oceans stations 41, 64, 72), suggest that the relationship between Tiarina sp. and its symbionts of eukaryotic origin is a putative mutualistic endosymbiosis, rather than predation or kleptoplastidy.
Phylogenetic identification of the host ciliate Partial 18S rDNA sequences (that is, a 1419-bp-long fragment from the V3 to the V9 regions) were obtained from 15 individual ciliates collected in six oceanic regions: the Mediterranean Sea (n = 2), and the Indian (n = 6), Atlantic (n = 5) and Pacific (n = 2) Oceans ( Table 2 ). The majority of the 18S rDNA sequences were identical irrespective of their geographic location (which we subsequently call genotype 1), except for four sequences (Med_2, Med_3, TI_381 and TI_382) that have one nucleotide difference in the V9 region (which we call genotype 2). Although Tiarina sp. genotype 1 was found in most plankton samples, genotype 2 was specifically observed in the Mediterranean Sea and the South Atlantic Ocean. In the latter region (for example, station 72), both genotypes were found. Based on BLAST analyses (Altschul et al., 1990) , we found no environmental Sanger sequences identical to the newly isolated Tiarina sp. (both genotypes) in GenBank (release 207.0; April 2015); the closest sequence corresponded to the ciliate T. fusus (FJ858217).
In the 18S rDNA phylogenetic tree (Figure 2 ), sequences of genotypes 1 and 2 grouped together and were placed within a highly supported monophyletic clade (bootstrap values = 100%) that corresponds to the family Colepidae, confirming the morphological identification. The monophyly of the Colepidae was also recovered in a previous study (Yi et al., 2010) . Within this family, phylogenetic analyses showed that sequences of our new ciliate grouped with T. fusus and an environmental clone (EF526888) in a highly supported monophyletic subclade (bootstrap values = 100%) that likely corresponds to the genus Tiarina. However, the isolated Tiarina sp. is genetically clearly different from T. fusus, as it is distinguished by 10 and 11 nucleotide differences in the 18S rDNA for genotypes 1 and 2, respectively. These molecular results corroborate the morphological dissimilarities highlighted above and provide further evidence that the new ciliate is a novel Tiarina species that requires formal description.
Phylogenetic identification of the microalgal symbiont
Ribosomal gene sequencing was also performed to reveal the identity and diversity of the intracellular eukaryotic microalgae observed in the ciliate Tiarina sp. Amplification of the 18S and 28S rRNA genes with universal eukaryotic primers followed by a cloning procedure showed that the microalgae of different isolated host cells systematically belonged to the dinoflagellate genus Symbiodinium. Twenty partial sequences of the 28S rRNA gene (a 795-bp-long fragment covering the D1-D3 regions) were subsequently obtained with Symbiodiniumspecific primers (Figure 3 ). The phylogenetic tree, which has the same topology as in previous studies (Pochon et al., , 2014 , demonstrated that Symbiodinium isolated from all ciliates (genotypes 1 and 2) collected in different oceanic regions belong to clade A (maximum support: bootstrap values = 100%), the earliest branching Symbiodinium lineage. Within this clade, the new sequences of Symbiodinium are different from any known reference sequences, and separate analyses with shorter 28S rDNA sequences showed that they also do not belong to the 'Temperate A' subclade (Savage et al., 2002; Casado-Amezúa et al., 2014; Supplementary Figure S3) . These new 28S rDNA sequences of Symbiodinium display genetic dissimilarities (five to nine polymorphic sites) according to their sampling location. This means that the host ciliate Symbiodinium in endosymbiosis within the ciliate Tiarina S Mordret et al Tiarina sp. is systematically found in symbiosis with Symbiodinium clade A worldwide, but can associate with different types or subclades depending on the oceanic region (for example, Mediterranean Sea and South Pacific Ocean; Figure 3 ). However, up to three different Symbiodinium types can also be found at the same location (for example, station 72 in the south Atlantic Ocean and station 41 in the North Indian Ocean). From station 72, we note that host genotypes 1 and 2 are associated with different but genetically close Symbiodinium types (3 nucleotide differences out of 795 bp of the 28S rDNA sequence), indicating a symbiont specificity within the same location. The earliest diverging clade A is found within several benthic hosts (for example, mollusks, corals, anemones and jellyfish) in temperate and tropical waters of the Atlantic, Pacific and Indian Oceans and Red Sea (Goulet et al., 2008; Franklin et al., 2012) . Our results raise the question of whether the novel diversity of Symbiodinium associated with a planktonic ciliate in the open ocean can also live within benthic hosts from coastal waters. A complex genetic diversity composed of 15 common subclade types has been recognized in clade A with the highly resolutive ITS2 marker (LaJeunesse et al., 2001 (LaJeunesse et al., , 2009 Franklin et al., 2012; Lee et al., 2015) . This marker was therefore used in this study to assign the new Symbiodinium sequences at the subclade level, and thus to provide a better understanding of the identity of the Tiarina symbiont and the specificity of the symbiotic partnership (LaJeunesse, 2001) . A statistical parsimony network using the ITS2 sequences (239 bp long) was constructed including Symbiodinium sequences obtained from Tiarina sp. and those of 14 described subclade types from different hosts and oceanic regions (Figure 4 and Supplementary Table S3 ). Subclade A2 was not included in the network because it was too divergent (over 10 polymorphic sites). Confirming the 28S rDNA phylogeny, ITS2 sequences of Symbiodinium found in Tiarina sp. did not match any previously described clade A sequence types, and instead represented 8 novel divergent subclade types (7 of which have ⩾ 2 nucleotide differences). Remarkably, this Symbiodinium diversity from a single host taxon is relatively high, and equivalent to the diversity described so far from ∼ 50 benthic host taxa in reef ecosystems worldwide (Franklin et al., 2012) . The ITS2 diversity of Symbiodinium from Tiarina sp., like that of the 28S rRNA gene, is partly structured by geography, whereby sequences from the same Table S4 for the GenBank accession numbers). Based on the GeoSymbio database (Franklin et al., 2012) , the geographic origin and host spectrum for each Symbiodinium subclade are indicated by a color and a letter, respectively. All of the previously described subclade types (A1-A16 in squares) were found in benthic coastal hosts (∼50 host species). oceanic region tend to be similar (South Pacific Ocean, and Mediterranean and Red Seas). However, the converse also occurs in the Indian and South Atlantic oceans, where up to three highly divergent Symbiodinium subclade types (over 10 polymorphic sites) can coexist at the same location. Overall, the ITS2 haplotype network showed a clear genetic separation between Symbiodinium from benthic hosts and Symbiodinium from the pelagic Tiarina sp. For instance, in the Pacific Ocean, Symbiodinium from benthic hosts (subclades A5, A6, A7, A8 and A12, in light blue) are very distinct from Symbiodinium found in Tiarina sp. (TI_377 and TI_378). With two nucleotide differences in the ITS2 sequence, the closest subclade type to the ciliate Symbiodinium is A4. In corals, this subclade type is known for its high photosynthetic efficiency and resistance to photodamage when exposed to temperature stress (Warner et al., 2006) . Symbiodinium A4 has also been found in the jellyfish Linuche unguiculata that alternates between the benthic (polyp stage) and planktonic compartments during its life history (Montgomery and Kremer, 1995; Trench and Thinh, 1995; LaJeunesse, 2001 ). Therefore, subclade A4 could represent an evolutionary and ecological transition between the benthic and pelagic environments, where different selective pressures have caused evolutionary changes within Symbiodinium.
Ecological significance of the symbiosis between the ciliate Tiarina and Symbiodinium To explore the geographical distribution of the symbiotic relationship over large spatial scales, the two V9 sequences of the host ciliate (genotypes 1 and 2, differentiated by a single nucleotide) were used to interrogate the V9 rDNA Tara Oceans metabarcoding data set (De Vargas et al., 2015) . V9 metabarcodes that were 100% identical to the V9 of genotypes 1 Tables S6 and S8 for the data used and the P-values of the different correlations, respectively). and 2 were detected in 32 stations across the oceans, mainly at equatorial, tropical and subtropical latitudes (Figures 5a and b) . The highest abundances of V9 reads occurred in the Red Sea (station 32), and the Indian (station 41) and South Atlantic (station 72) Oceans, and they were not detected in the Southern Ocean. Both genotypes coexisted in 21 stations in the Mediterranean and Red Seas, and the Indian, Atlantic and Pacific Oceans. Genotype 1 was more cosmopolitan and abundant (10 to 100 times more, in terms of the relative proportion of reads in a given sample) as compared with genotype 2 that was detected in fewer stations (Figures 5a and b) .
The ecological preferences of the symbiosis between Tiarina sp. and Symbiodinium were investigated through correlation analyses including different contextual oceanographic parameters and the relative abundance of V9 reads of Symbiodinium (representing five distinct V9 sequences), Tiarina sp. (genotypes 1 and 2) and T. fusus (Figure 5c , Supplementary Tables S6 and S8 ). This analysis revealed a positive correlation between Symbiodinium and both genotypes of Tiarina sp., demonstrating that there is an intimate ecological interaction between these taxa in surface ocean waters. In addition, Symbiodinium V9 reads correlated negatively to the concentration of some nutrients (NO 2 , PO 4 ) and chlorophyll a. Reads of genotypes 1 and 2 of the ciliate Tiarina sp. significantly co-occurred and displayed negative correlation with chlorophyll a. Reads of genotype 2 also displayed negative correlations with some nutrients (NO 2 , PO 4 , Si), whereas those of genotype 1 had positive correlations with the depth of the deep chlorophyll maximum. Thus, the correlation patterns between the host, its symbiont and their abiotic environment clearly indicate that the symbiotic partnership predominantly occurs in oligotrophic conditions (typically characterized by deep chlorophyll maximum and low chlorophyll and nutrient concentrations), mirroring the ecology of other known planktonic photosymbioses (Shaked and de Vargas, 2006; Stoecker et al., 2009; Decelle et al., 2012) . More specifically, we note that genotype 2 positively correlated with salinity, very likely because of its prevalence in the Mediterranean Sea. No significant correlations were detected between T. fusus and Symbiodinium, or between T. fusus and different oceanographic parameters, showing that the life mode and the ecology of T. fusus and the novel Tiarina sp. are distinct. To date, T. fusus has been reported essentially from coastal and productive marine waters, such as European fjords (Smetacek, 1981; Dale and Dahl, 1987; Lynn, 2008; Chen et al., 2012) , where it can dominate ciliate abundance and/or biomass (maximum density reported: 34 000 cells m À l ). T. fusus is particularly known for its significant grazing activity on a variety of toxic and/or red-tide microalgae (Jeong et al., 2002) . In this study, V9 reads assigned to T. fusus (100% identical to the reference sequence) were only detected in low abundance in coastal stations in the Adriatic and Red Seas, and in the Indian and Atlantic Oceans (Supplementary Figure  S4) . According to the ecological species concept (Boenigk et al., 2012) , these results therefore provide additional evidence that the symbiotic Tiarina sp. is a novel species distinct from T. fusus.
Conclusion and perspectives
Our study identified and characterized a novel and widespread pelagic photosymbiosis between an undescribed calcifying ciliate (Tiarina sp.) and the dinoflagellate Symbiodinium. Consistent microscopy observations on multiple specimens, systematic PCR detection of Symbiodinium within the ciliate and the geographic distribution in surface oceans together provide evidence in favor of a long-term mutualistic symbiosis rather than predation or kleptoplastidy. This newly described partnership is relevant not only because the host is a previously unknown planktonic protistan species, but also because the occurrence of Symbiodinium as a symbiont in the open ocean was previously unknown, despite the fact that Symbiodinium is one of the most extensively studied microalgal genera. We revealed a novel and highly diverse assemblage within Symbiodinium clade A composed of eight subclade types that appear to be endemic to pelagic waters as they have not been reported from hosts in benthic coastal habitats so far (for example, tropical reefs, temperate coastal areas). Selective pressures inherent to the pelagic realm and host specialization might have created a distinct ecological niche and driven the tempo and mode of Symbiodinium diversification in the open ocean. Given that clade A is the earliest branching lineage and colepid fossils date back to the Triassic (220 million year ago, Schmidt et al., 2006) , it is possible that the Tiarina-Symbiodinium symbiosis occurred relatively early in the evolution of the two lineages.
This cosmopolitan symbiosis likely plays multifaceted biogeochemical roles in pelagic ecosystems by contributing to primary production and calcium cycling through the Symbiodinium photosynthesis and host calcification, respectively. Automatic and in situ imaging techniques could be used in the future to properly quantify this interaction, and thus to determine its ecological impact in the environment. The active motility of the cilia-bearing host, which is absent in the 'passive' photosymbiotic rhizarian Radiolaria and Foraminifera, makes the partnership highly original and may indicate a chemotactic behavior for finding symbiotic partners, suitable light conditions, and food or nutrient patches, as hypothesized in the photosymbiotic ciliate Mesodinium rubrum (Wilkerson and Grunseich, 1990; Fenchel and Blackburn, 1999) . Given the metabolic capacities of Symbiodinium in reef ecosystems (Yellowlees et al., 2008; Godinot et al., 2009; Pernice et al., 2012) , Tiarina sp. very likely benefits from a significant source of carbon, nitrogen, phosphate and other key nutrients for growth and reproduction that are otherwise limiting in the open ocean. In addition to its nutritional role, Symbiodinium could also play a critical role not only in the calcification of the ciliate's skeleton, as shown in scleractinian corals (Allemand et al., 2011; Davy et al., 2012) , but also in ultraviolet radiation protection in transparent open ocean waters, as clade A is known to produce a significant amount of ultraviolet-absorbing mycosporine-like amino acids in comparison with other clades (Banaszak et al., 2000) . Clade A is also known for its tolerance for high irradiance and high temperatures, likely explaining why it is commonly found in shallow-water benthic hosts (Warner et al., 2006; Kemp et al., 2014 Kemp et al., , 2015 or in the free-living environment (Pochon et al., 2014) . Thus, the physiological features of clade A would seem to make this Symbiodinium lineage particularly well suited to be a symbiont within single-celled hosts in oligotrophic transparent waters. Future studies should aim to better understand the nature, ecological role and life cycle of this new photosymbiosis, and explore whether other Symbiodinium clades can be found in the open ocean.
